Purpose: To search for gold-standard histology indicators using alternative imaging modalities in keratoconic corneas.
K eratoconus is a noninflammatory degenerative eye disorder that affects 1 in 2000 people worldwide, in which structural changes cause the cornea to thin and protrude in a conical shape. 1, 2 A typical clinical checkup for a patient with keratoconus includes slit-lamp examination and video topography (combining results from Placido and slit-lamp or Scheimpflug camera images, such as the Orbscan and Pentacam devices 3 ). To approach a quasi-histological diagnosis, optical coherence tomography (OCT) 4, 5 and in vivo confocal reflectance microscopy (IVCM) 6 have recently been demonstrated to aid in the diagnosis of keratoconus.
OCT, 7 most commonly in the spectral domain (SD-OCT), is widely used in ophthalmology. Image orientation is typically cross-sectional, and resolution is typically on the order of a few microns, permitting gross structural assessment of corneal disease but providing no cellular details. Ultrahigh-resolution OCT using a custom-built prototype achieved 1.1 mm axial resolution · 25 mm lateral resolution in the cornea, allowing measurement of Bowman layer (BL) thickness in keratoconic eyes. 8, 9 IVCM captures en face images of the cornea, providing information on cellular changes associated with corneal diseases thanks to its lateral resolution of 1 mm. Cross-sectional views are not currently available on commercial systems as en face slices are acquired manually one by one rather than automatically in stacks. Reconstruction of IVCM cross-sections has been demonstrated on a laboratory-modified setup, 10 with 1 mm lateral · 7.6 mm axial resolution.
Full-field optical coherence microscopy (FFOCM) 11, 12 is a variant of conventional OCT in which two-dimensional en face images, similar to IVCM views, are captured on a camera and cross-sectional views can be extracted from the threedimensional (3D) data sets that are obtained by scanning in the depth direction. This configuration allows for higher resolution than conventional OCT, on the order of 1 mm. FFOCM has been used to image ophthalmic tissues, including cornea, 13, 14 limbus, 15 lens, and retina.
of each technique by comparing the indicators visible with each. We thereby intend to propose which imaging technology or combination of technologies can provide structural information equal or superior to histology in clinical practice.
METHODS

Study Design and Ethics
This was a prospective observational case-control study. Informed consent was obtained from all patients. No modifications to French standards of treatment or follow-up were made. Institutional Review Board approval was obtained from the Patient Protection Committee, Ile-de-France V (14944). The study was conducted according to the tenets of the Declaration of Helsinki and followed international ethical requirements for human tissues.
Corneal Tissues
Characteristics of corneas and patients are shown in Table 1 . Fourteen corneal buttons from 14 patients with keratoconus, 10 donor corneas, and 10 normal corneas from 10 healthy subjects were included in the study. All keratoconus corneas were at a sufficiently advanced stage to require keratoplasty. Keratoconic corneas were assessed with all imaging modalities, whereas donor corneas served as controls for ex vivo imaging modalities (FFOCM and histology), and corneas from healthy subjects served as controls for in vivo imaging modalities (SD-OCT and IVCM).
Pathological corneal buttons were obtained during keratoplasty procedures performed on patients at the Quinze-Vingts National Ophthalmology Hospital. They were collected from the operating room at the time of keratoplasty and conserved in the CorneaJet (EuroBio, France) medium during FFOCM imaging and then fixed in 4% formaldehyde before transfer to the pathology laboratory for histological processing.
Donor corneas were obtained from the tissue bank of the Etablissement Français du Sang, Ile-de-France (Paris, France) after they had passed the use-by date determined by French Eye Banking regulations. Donor stroma was inspected macroscopically and with light microscopy to assure the absence of any anomalies such as opacities. 17 The donor corneas were preserved in CorneaMax (EuroBio, Les Ulis, France) medium for a maximum of 35 days at 31°C, in accordance with European Eye Banking regulations. They were then placed in CorneaJet (EuroBio) medium containing dextran for deturgescence 48 hours before imaging.
Normal corneas from healthy subjects were used for cell density assessments with IVCM. Patients with keratoconus and healthy subjects were age matched (Table 1 ). This was important for cell density assessment as aging is associated with decreased cell density, in addition to reduced corneal thickness and increased corneal scatter. 18 Donor corneas were not age matched and so were not considered for cell density assessments.
Image Acquisition and Assessment Protocol
Care was taken to consistently image the same region of each cornea with each modality by keeping a visual record of images acquired and associating the same 3 authors (an orthoptist, an imaging expert, and a pathologist) with the chain of image acquisitions through different modalities to ensure continuity, that is author C.G. imaged with SD-OCT and IVCM, authors C.G. and K.G. imaged with FFOCM, and then authors K.G. and F.A. selected the corresponding histological slices. These same 3 authors then performed the image analysis, along with the input from 2 of the remaining authors who were not involved with the acquisition process.
In Vivo Assessment of Corneas
Specifications of imaging modalities are summarized in Table 2 . The day before keratoplasty, patients were assessed in vivo with SD-OCT (RTVue-100; Optovue Inc, Fremont, CA) and IVCM (Heidelberg Retina Tomograph III; Heidelberg Engineering GmbH, Heidelberg, Germany). Normal corneas from healthy subjects were assessed in vivo with the same techniques. We acquired 6-mm wide SD-OCT scans centered on the conus and SD-OCT pachymetry maps, along with a series of 600 to 1600 en face IVCM images per patient, captured manually at nonautomated depth intervals by a skilled operator (author C.G., orthoptist), at the conus for keratoconus and at the center for normals, moving down through the depth of the cornea, paying particular attention to interesting features that seemed relevant to the pathology, and depending on good patient fixation for stability. Features noted in SD-OCT were located and matched in IVCM acquisitions by the same operator. The location of the conus was considered to be at the thinnest point on SD-OCT pachymetry maps. Axial · lateral resolution of SD-OCT was 5 · 8 mm, 19 and 7.6 · 1 mm for IVCM. 10, 20 Ex Vivo Assessment of Corneas
Full-Field Optical Coherence Microscopy
The FFOCM system used (LightCTScanner; LLTech, Paris, France) has been described previously. 13 Image stacks at the conus for keratoconus and at the center for normals were acquired on each button covering the entire corneal thickness, with an image acquired every micron in depth. Features noted in SD-OCT and IVCM were located and matched in FFOCM acquisitions by the same operator. 3D image stacks could be examined in en face and cross-sectional views using multiplanar reconstruction software provided with the system.
Histology
After FFOCM assessment, the corneas were fixed (4% formaldehyde), and histological processing was performed in the histopathology laboratory. Hematoxylin and eosin stains (HESs) and periodic acid-Schiff stains were performed on paraffin-embedded material as these are routine stains for corneal pathology. To search for ferritin deposits, an additional stain of Perls' Prussian blue was performed. Photographs of histological slices were taken by 2 authors (an imaging expert and a pathologist), who located and matched the features noted in SD-OCT, IVCM, and FFOCM.
Comparison of Imaging Modalities
Images of each patient from all modalities were independently analyzed by 3 of the authors (an imaging expert, an orthoptist, and a pathologist), and a tally was made of features noted with each modality. The resulting tallies were reviewed, and an image-by-image, case-by-case analysis was performed as a group by those 3 authors who had undertaken the independent analyses, along with the additional input of a second orthoptist and an ophthalmologist. Therefore, for each particular feature of each particular case, 3 authors independently noted whether they detected this feature with each modality, and then 5 authors discussed whether each detection was considered valid. Any cases of discordance were eliminated. Qualitative descriptions of features are illustrated in Figures 1-3 , and the tallies recorded are presented in Table 3 , with totals expressed in number of features detected. Thus, we count the number of indicators detected with each modality and compare this with the number detected by gold-standard histology.
An additional parameter was investigated concerning artifactual tissue damage due to epithelial contact in the case of IVCM, tissue handling in FFOCM, and tissue processing for histology. Epithelial detachments and/or ruptures were tallied for each imaging modality for both pathological and normal corneas. We considered only epithelial detachment and/or rupture as being possibly due to contact or ex vivo artifacts as these were the only features that were never seen in vivo with SD-OCT.
Corneal Cell Density Assessment
As IVCM is capable of cellular resolution imaging in the in vivo cornea, we used IVCM images to quantify cell density in the keratoconic versus normal cornea. We chose to follow the IVCM convention of expressing cell density in terms of areal density, that is, in cells per square millimeter. Masked en face images obtained with IVCM were analyzed using FIJI image processing software (National Institutes of Health, Bethesda, MD). In stroma, images were inverted to enhance visibility of nuclei. After contrast enhancement, keratocyte nuclei were manually counted by 2 operators using the Fiji "cell counter" plugin (Kurt De Vos, University of Sheffield) to assess repeatability. Only bright and clear oval features were considered to be nuclei. Nuclei that landed on the border of the image were counted for only 2 of the 4 sides of the image. To reflect the differing keratocyte density on progression through the stroma from anterior to posterior, the corneal stroma was considered to be made up of 4 layers (very anterior, anterior, mid, and posterior), and 28 images were selected as follows: 3 images within the very anterior layer, 15 in the anterior layer, and 5 in mid and posterior layers. The very anterior stroma representing the first 2% of stromal thickness was analyzed separately from the anterior stroma because it featured very high keratocyte density in all the assessed corneas. The number of images per layer required for a reliable count was determined by stepwise analysis. 21 For the epithelium and endothelium, we counted cell centers rather than nuclei because of the regular appearance of the epithelial and endothelial cell mosaics with bright cell contours and dark centers with nonuniform visibility of nuclei. One image of each layer (ie, superficial, mid, and basal epithelial layers, and endothelium) was selected for each cornea.
Nerve Assessment
Branching and the mean thickness of nerves in the subbasal plexus and stroma were measured manually on IVCM images of n = 11 patients and n = 9 normals. In the remaining subjects of this study, nerves were not sufficiently visible for measurement. For each subject, one image was selected where the subbasal nerve plexus was most visible (at an average depth from the corneal surface of 35 6 8 mm for normals and 43 6 18 mm for keratoconus) and one where a stromal nerve was visible (at an average depth of 252 6 93 mm for normals and .normal epithelial cells without visible nuclei; *flattened epithelial cells in keratoconus with visible nuclei; +ferritin deposits; #normal BL; P thickened hyperreflective basement membrane; )BL kink; DBL rupture; Χsubbasal nerves visible en face only. .normal keratocytes in normal stroma; *hyperreflective haze; +subepithelial fibrosis; #Vogt striae; P stromal nerves visible en face only. 224 6 122 mm for keratoconus, so generally in mid stroma). The number of branches within the image field, and the thickness of nerves at 5 points in the field was measured for each subject, and the mean and SD of these values were compared and checked for significance (Table 4) .
Statistical Analysis
A 2-tailed independent Student t test was used to compare variables, with a P value ,0.05 considered as statistically significant.
RESULTS
Description of Indicators Seen in Keratoconus Epithelium and BL
The epithelium of keratoconic corneas presented some or all of the following characteristics: localized epithelial thinning (Fig. 1) , epithelial thickening in the region of maximal stromal thinning (Fig. 1) , elongated superficial epithelial cells (Fig. 2 , seen in HES histology and FFOCM cross-section as a flattened, detaching surface layer in crosssection), flattened basal epithelial cells (Fig 2, seen in HES histology, IVCM, and FFOCM en face views as enlarged cells with central rather than anteriorly positioned nuclei, in comparison with normal basal cells of Fig. 2 ), hyperreflective ferritin deposits in the basal epithelial cell layer (Fig. 2 , hyperreflective in FFOCM and IVCM; requiring Perls' Prussian blue stain to be revealed in histology), and basement membrane abnormalities such as thickness variations and interruptions (Fig. 2 , hyperreflective in FFOCM and IVCM; requiring periodic acid-Schiff staining to be revealed in histology).
Where normal cornea has a hyporeflective uniform thickness BL (Fig. 2) , keratoconus damage in BL included regional thickness variations (Fig. 1) , kinks (an abrupt change in BL direction within an otherwise continuous BL) (Fig. 2) , ruptures (ie, a small discontinuity in BL, of similar size to a kink) (Fig. 2) , interruptions/focal absences (ie, larger discontinuities in BL) (Fig. 1), and scarring (Fig. 1) . The subbasal nerve plexus was visible at the basal epithelial cell layer in IVCM and FFOCM (Fig. 2) . Subbasal nerves in keratoconus corneas appeared tortuous when compared with normal corneas, although the mean branch number was not significantly different (Table 4) . 
Stroma
Normal stroma is transparent with regularly distributed keratocytes (Figs. 1, 3) , whereas transparency and regularity are disturbed in keratoconus. Modifications of anterior, mid, or posterior stroma, corresponding to newly formed connective tissue and/or haze, were seen with all modalities, although this aspect was particularly visible with SD-OCT and FFOCM where fibrous tissue appears hyperreflective (Figs. 1, 3) . In histology, haze was defined as zones of increased keratocyte nuclear density. Vogt striae were observed with all modalities as diagonal criss-crossing bands in a complex 3D structure (Figs. 1, 3 ) with apparent anchor points to Bowman alterations (kinks, ruptures, and interruptions). Stromal nerves, seen in IVCM and FFOCM (Fig. 3) , were significantly thicker in the keratoconus group than those in the normal group (Table 4 , P = 0.01). Stromal thinning was observed only with SD-OCT because of the small number of penetrating keratoplasty cases observed.
Comparison of Imaging Modalities in Keratoconus Diagnosis
Comparison with gold-standard histology for each feature is evaluated in Table 3 . FFOCM detected additional features to histology and did not suffer from fixation and slicing artifacts because it was performed on fresh tissue. As for in vivo modalities, SD-OCT detected 41% of those features visible in histology, and IVCM 69%. Because of complementarities of SD-OCT's transverse and IVCM's en face cellular resolution views, and their use for in vivo clinical imaging, it also seemed pertinent to evaluate the combination of SD-OCT and IVCM. Thus, the combination of SD-OCT plus IVCM enabled detection of 76% of features detected with histology.
Corneal cell Density Assessment
Cell densities assessed with IVCM are shown in Table 4 . Basal epithelial cell density was significantly lower in the keratoconus group than that in the normal group (P = 0.0007). For all stromal layers, keratocyte density was significantly lower in the keratoconus group than that in the normal group (P , 0.0001). There were no significant differences in endothelial cell density between the keratoconus group and normal group.
Tissue Damage Due to Handling
For keratoconic corneas, detachment and/or rupture of the epithelium was observed in 50% of corneas with IVCM, 40% of corneas with FFOCM, and 0% with SD-OCT. For histology, to remove any effects of handling from other imaging modalities, histological sections of keratoconus corneas that had not been part of this study were selected at random from the hospital pathology archives. Epithelial detachments from the stroma and/or ruptures were detected in 100% of histological slices of n = 15 archived keratoconus corneas. No epithelial detachment was observed with any imaging modality on the healthy subject or donor cornea.
DISCUSSION
Strengths of Each Imaging Modality in Characterization of Keratoconus
With the various imaging modalities, our series of keratoconic corneas showed dramatic changes in the epithelium and its basement membrane, BL modification, decreased keratocyte density in accordance with the literature, [22] [23] [24] [25] and stromal thinning and scarring. It should be noted that the study design did not allow early cases to be considered, as it included only surgical cases that correspond to advanced keratoconus in eyes where contact lens correction was no longer successful.
Several indicators of keratoconus found in this study have been previously described using SD-OCT including changes in corneal epithelial thickness, that is, thinning at the corneal apex and in the thinnest corneal zone, decreased inferior and thinnest epithelial thickness, and increased variability. [26] [27] [28] Corneal thinning, inferior displacement of the thinnest point, hyperreflective anomalies occurring at the BL level and in the stroma, and posterior displacement of the anterior hyperreflective structures are other SD-OCT indicators of keratoconus. 4, 5 Pachymetric indices can be combined with SD-OCT to improve keratoconus detection.
29 SD-OCT is useful for evaluating the risk of hydrops in keratoconus, where increased risk of hydrops is indicated by increased epithelial thickening combined with stromal thinning at the conus, presence of hyperreflectivity at BL, and absence of stromal scarring. 30 In brief, Fuentes et al 30 showed that in a retrospective cohort of 191 advanced keratoconus cases, 11 cases of hydrops occurred during a mean follow-up of 30 months. Patients who presented acute keratoconus were young male patients with stage 3A keratoconus according to the SD-OCT classification, that is, the keratoconic cornea with pronounced stromal thinning and epithelial thickening, and stromal hyperreflectivities. Tissue changes seen on SD-OCT images in Figure 1 , in particular stromal reflectivity abnormalities, could be best interpreted on comparison with FFOCM high-resolution cross-sections.
Indicators of keratoconus have been reported using IVCM including decreased basal epithelial cell and anterior and posterior stromal keratocyte densities, subbasal nerve fiber density, nerve branch density, and nerve fiber length; increased stromal nerve diameter; and Vogt striae. [22] [23] [24] 31, 32 In addition, the decline in keratocyte density has been shown to correlate with disease severity. 24, 25 By carefully comparing IVCM images with images from SD-OCT, FFOCM, and histology, we were able to improve our 3D understanding of the tissue and better interpret the IVCM data, allowing us to identify features illustrated in Figures 1-3 , such as flattened basal epithelial cells, hyperreflective ferritin deposits in basal epithelial cells, damage to basement membrane and BL, and stromal scarring in IVCM images.
BL thinning in the inferior corneal zone has been reported as an indicator of keratoconus using custom ultrahigh-resolution OCT. 33 In a similar fashion, FFOCM, due to its superior resolution compared with SD-OCT, enables detection of further indicators of keratoconus such as morphological changes in the basement membrane and BL (eg, basement membrane thickness variations and interruptions, BL regional thickness variations, kinks, ruptures, interruptions/focal absences, and scarring).
Histology Artifacts on Ex Vivo Tissue
Epithelial detachments from stroma and/or ruptures were frequently seen in histological sections of keratoconus corneas. This seems to indicate that most damage to the fragile epithelium occurs during histological processing, and that this artifact may be avoided using other imaging modalities. In addition, lamellar dissociation seen in the stroma with histology was not seen with FFOCM. Thickness measurements with FFOCM therefore seem to be closer to reality than measurements from histological sections because FFOCM can be performed directly on fresh unmodified tissue.
It should be noted nevertheless that artifacts from histological processing, such as epithelial detachment and lamellar dissociation, do not necessarily impair accurate diagnosis.
CONCLUSIONS
Placido and/or Scheimpflug image-based corneal topography is accepted as the pragmatic, if not gold standard, in keratoconus diagnosis and quantification of progressive shape change. Effects on corneal shape and visual function are key in keratoconus patient management and assessment of interventions. However, studies on changes in the corneal structure by histopathology and imaging may help us understand keratoconus pathogenesis and perhaps characterize patient subsets. Using multiple imaging modalities, we were able to demonstrate that an almost equivalent number of diagnostic indicators of keratoconus are detectable in vivo by combining data provided by SD-OCT and IVCM, or ex vivo with FFOCM, to those detected by histopathology. More indicators could be found with ex vivo FFOCM than with the combination of in vivo SD-OCT and IVCM. Histology performed best for epithelial cell assessment, and FFOCM performed best for detection of stromal structure and changes in epithelial thickness. Histology requires multiple stains to reveal some indicators that were directly visible on the IVCM and FFOCM images and takes far longer to produce the images required for diagnosis. For clinical practice, SD-OCT with scans centered on the conus region combined with IVCM images taken in the same region from the superficial epithelial cell layer down to the endothelium can detect most indicators and provide almost as precise a diagnosis of keratoconus as histopathology.
